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The paper presents the investigation results of the vibro-impact loads’ influence on the
stability of vibro-drilling machine’ drill-rod in the process of well in hard rock. The drilling
process of such wells is significantly facilitated in case of vibro-impact action. The destroying of
the rocks during the vibro-rotary drilling occurs via the complex effect of the vibration impulses
and rotational motion. In this way, the task of such drill-rod study stability has actuality. In this
case, the various modes of vibration and stability loss are possible. In this regard, the study was
done by developed software, in which a technique of computer simulation of the oscillating motion
of considerable length rotating rods under the action of axial periodic loads is implemented. Such
software gives the possibility to model the oscillatory motion of rotating rods and determine the
parameters by witch the dynamic stability loss of the studied system can occur. Using this software
the diagrams with regions of stable and unstable motion of the rotating rod were drawn for
different parameters of the considered system. The process of oscillation is considered in space
with account of inertia forces and geometric nonlinearity of the rod. It is shown, that on certain
rotational speeds and frequencies of vibro-impact load there are ranges of unstable motion where
the run of equipment can inevitably lead to destruction. The obtained results have been analyzed.
The conclusion about the possibility of running the equipment in certain frequency ranges is made.

Keywords: numeric differentiation, complex bend forms, geometric nonlinearity, inertia
forces, axial forces, vibro-impact loads, vibro-drilling, dynamic stability.

Introduction. The tasks of dynamics of rotating rods and rods under the
action of axial periodic and impact loads have been studied by many authors.
The statics and dynamics of the rod under axial loading are considered in paper
[9]. The conditions for the parametric resonances appearance have been
studied and the possibility of stability loss under load less than Euler force has
been found. In paper [10], the dynamics of the rod during a short-term axial
impact is considered. The conditions for the parametric resonance are found in
the linear statement. The regions of instability in "length of the rod — loads"
field are constructed and the characteristic parameters are calculated. The
problem of impact by an elastic body at the end of an elastic rod is studied in
paper [3]. Depending on the task parameters, the time and form of an impact
impulse and the maximum amplitude of transverse oscillations by parametric
resonance are theoretically and experimentally determined. In paper [4], the
task of the dynamic stability of a hinged rod in case of sharp axial load is
reviewed. The method of series expansion according to the forms of nature
oscillations for both longitudinal and transverse oscillations is applied.
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Instability regions are shown. The type of these regions depends on the
spectral properties of longitudinal and transverse oscillations, values of
damping and axial force. The axial impact on a thin elastic rod is considered in
paper [5], which generates a periodic system of longitudinal waves in it. A
strict analysis of solution is done and the value of the maximum transverse
bend depended on the method of loading is found. Both, the short-term and
long-term impulses are considered. In the case of suddenly applied long
impulse that is less than the Euler critical force, is shown, that the development
of intensive transverse oscillations is possible.

The results of numerical studies of the dynamic behavior of vibro-impact
system are presented in study [1]. This system is strongly nonlinear and non-
smooth discontinuous dynamic system. The results of observations of many
interesting phenomena, in particular those that are unique to non-smooth
systems, are presented. Regions of stable and unstable motions were found
using the solution continuation method by parameter and Floke multipliers.
The breaking bifurcations, hysteresis effect, scenarios of quasi-periodic
transition to chaos and transition to chaos through intermittency, transient
chaos, boundary crisis, rare attractor, transient modes are described. A
comparative analysis of impact simulation methods in vibro-impact systems
with hard and soft impact is performed.

The oscillations of rotating rods under the action of periodic loads were
considered in other papers. The paper [11] presents the results of study of
space bending oscillations of horizontal rod that is rotating around its axis. Rod
is under the action of periodic harmonic force of self-weight per length. The
task is considered taking into account gyroscopic loads, but rod is located
horizontally.

In paper [14], the influence of periodic impact loads on the structural
elements of drill string during longitudinal oscillations is investigated. The
results reveal that a periodic impulse can mainly be determined by the nature
of the rock and the impact frequency during the drilling.

In paper [16], the problem of drilling system dynamics with account of
axial periodic force of impact action is considered in a nonlinear statement.
The research was performed to study the vibrations that occur in the coupling.
The simulations of dynamic model are researched with conditions for different
hardness of rock. The results indicate that the transverse and longitudinal
vibration frequencies and amplitude decrease with the rock hardness.

In paper [13], the results of investigation of the oscillations of long rotating
rod are shown. The rod is modeling the drill string operation. Results are
shown by possible bend forms at different moments of time after system had
been out of equilibrium. It is noted that the action of an axial compressive
force that is pointed to the lower end of the vertical heavy rod leads to the
effect of twisting to a spiral of its lower part. This effect arises via action of
gyroscopic moments, which begin to appear when the lower part of the rod
starts to bend and this bending have been growing.
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Paper [8] presents the results of numerical investigation of the periodic
axial forces’ influence on the transverse oscillations of long rotating rods. The
gyroscopic inertia forces are taken to account and space oscillating process of
rotating rods is considered with account of geometric nonlinearity. For
investigated objects is shown that on various rotational speeds and beat
frequencies the oscillatory motion of the rods occurs with different character of
behavior. On certain speeds with different frequencies of axial load the
oscillations have definite periodicity and occur with beats of amplitude which
are the result of the periodic axial force action.

The paper [12] presents the results of investigation of the axial beat loads’
influence on the transverse rotating rods’ oscillations and their stability. The
perforator’s long drills are considered as objects of investigation. Diagrams
with regions of stable and unstable motion of the rods, that were found by
different parameters and boundary conditions are shown.

In this paper the dynamic behavior of vibro-drilling machine’ drill-rod
under action of axial impact load is investigated. Such tasks arise when the
wells drill through hard rocks or grounds with inclusions of large fragments of
rocks. The drilling process of these wells is significantly facilitated in the case
of vibro-impact action. Since the destruction of the rock during such drilling
occurs via the complex effect of the vibration impulses and rotational motion,
the task of such drill-rod study stability has actuality, namely, at what
rotational speeds and frequencies of vibro-impact loads the loss of stability can
happened and the run of equipment can lead to its failure.

In addition to the impact load for such rods, the loss of stability is
significantly influenced by own weight forces, which have a compressive
nature of the load. It is due to the boundary conditions of the vertical
positioned rod.

In study the dynamics of considered objects, it is interesting to note the
parametric oscillations of rods
under the action of periodic axial P(1)
impact loads during rotation. This d' 0,0, ot Y,
is due to the actuality of the I 3 | e
vibratory drilling tasks.
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The rod is under the action of longitudinal load of own weight ¢ and rotates on
angular speed w around the rectilinear axis O.X, of the stationary coordinate
system O,X;Y,Z;. The rotating coordinate system OXYZ is tied to the rod and
rotates with it. The oscillatory motion of the rod in the OXYZ coordinate
system is characterized by y(x,f) and z(x,f) displacements of the points, that
belong to the axis of rod in the OY ta OZ coordinate axes’ direction,
respectively.

The oscillations of rotating vertical rod in space coordinate system OXYZ
are described by the corresponding system of differential equations, which
taking into account the inertia forces, own weight and the axial periodic force
have a form [6, 12]:

2
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where E — elastic modulus of rod’s material; /y,,, /5, — inertia moments of

rod section in mutually perpendicular planes; » — radius of gyration; m — mass
of unit per length; 1/p;, 1/p, — main curvatures of rod’s axis in mutually
perpendicular planes.

The action of vibro-impact load is modeled by P(¢) function [12].

Technique. To study of the dynamics of investigated objects in this paper
the technique that is described in papers [7, 12] is used. In this technique the
process of oscillation is modeled based on repeated (cyclic) solving the system
of differential equations for every point of system in order to find the new
coordinates of positions for these points in each next point of time ¢+At.

The technique is realized by computer program with graphic user interface
that is developed by authors. That program lets to study the dynamics of
modeled system by calculating and drawing the current bend forms of the
rotating rod in oscillation. Also, program lets to make the analysis of behavior of
modeled system, find the dynamic instability regions, draws the diagrams of it.

Results. In this paper, using said program, the study of the dynamics of the
drill-rod under the action of axial vibro-impact load is done. The operation of
vibro-drilling machine in range of rotational speeds n=40-65 rpm and range of
impact frequencies 6=100...150 s is considered. The rod of the work body is
tubular, with outer diameter d = 146 mm, wall thickness s= 8 mm. Reviewed
operation depth of well in range 20...40 m.

As results of study of investigated objects in Figures 2-5 the fields of stable
and unstable oscillations are presented. These fields show unstable regions in
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depends of rotational speeds @ and impact frequencies 6, which were found for
the reviewed objects with different length of rod.

The fields of unstable oscillations are displayed filled gray. White colored
regions are the fields of stable motion.

6 s

150
145 -
140

135 |
130
125 -
120

115
110 |
105

-1
S
100 ek

0 1 2 3 4 S

Fig. 2. Dynamic stability fields of drill-rods with length /=20 m,
under action of axial vibro-impact load P(7)
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ig. 3. Dynamic stability fields of drill-rods with length /=25 m,
under action of axial vibro-impact load P(7)
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As we can see from diagrams, for various length of rod with their
parameters, there are fields of unstable oscillation motion. Than longer the rod,
that larger the area of this field.
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Fig. 4. Dynamic stability fields of drill-rods with length /=30 m,
under action of axial vibro-impact load P(7)
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ig. 5. Dynamic stability fields of drill-rods with length /=40 m,
under action of axial vibro-impact load P(7)
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Common for these diagrams is that that with growth of rotational speed the
limit value of the frequency of the impact load, at which the stable oscillation
is possible, reduce.

For shorter rods (20,25 m) there are ranges of vibro-impact load
frequencies at which the limit value of frequency can growth at certain range
of rotational speeds.

For the rod with length / = 20 m there is frequency range of vibro-impact
load 0 (135...140 s™), at which the instability can occur when the rotational
speed is equal to 0. For longer rods that range can lie in lower values of 8 and
exists in the operated range of those frequencies.

Conclusion. The presented researches results of axial vibro-impact loads
influence on stability of rotating drill-rods show that on certain rotational
speeds and frequencies of vibro-impact loads there are regions of unstable
motion, where the run of equipment can inevitably lead to destruction. Secure
operation of the equipment is possible in the frequency ranges which are in the
fields of stable oscillations that are shown on diagrams for different lengths of
drill-rod.
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Jizynoe I1.11., Hedin B.O.
CTIAKICTh CTEPXKHIB, IO OBEPTAIOTBHCH, MIJI JIEI0 BIBPOYJIAPHOI'O
HABAHTAXEHHSI

B poGori HaBenmeHi pe3ysibTaTH [JOCHIDKEHHS BIUIMBY BIOpOyJapHHX HaBaHTa)XCHb Ha
CTiliKicTb cTepxHsT pobouoro opraHa BiOpoOypoBoro arperaty npu OypiHHI CBEpAJIOBUH B
TBEpAMX IOpojaax IpyHTy. llpomec OypiHHS TAaKMX CBEpPIJIOBHH CYTTEBO IIOJETIIYETHCS Yy pasi
BiOpoymapHoro BmiaMBY. PyiiHyBaHHs mopomu mpu  BiOpawiiiHO-o0epTaibHOMY — OypiHHI
BiOyBa€eThCs Yepe3 CIUIbHUI BIUIMB BiOpOyIapHHUX iMIyJbeiB 1 06epTanbHOro pyxy. Y 3B°s3Ky 3
MM, aKTyaJbHHM € INHUTaHHS CTIHKOCTI CTEpXKHS poOOYOro opraHa Takoi YCTAHOBKH IIPH
obepranHi. IIpu 11bOMy MOXIIHBI pi3HOMAaHITHI (pOPMHU KOIMBAHb i BTpaTH CTIHKOCTI. Y 3B s3KY 3
MM JOCIIDKEHHS 3[iHCHEHO BUKOPUCTOBYIOUH PO3pOOIICHE MPOrpaMHe 3a0e3MCUCHHS, B IKOMY
peasizoBaHa METOJMKA KOMII IOTEPHOrO MOJCTIOBAHHS KOJMBAJILHOLO PYXy CTEpIKHIB 3HAYHOL
JIOBXKHHH, IO 00EPTAIOTHCS, il Ji€K0 MO30BXKHIX MEePiOIUYHUX HABaHTAXEHb. Take MporpamMmHe
3a0e3MeyeHHs] JO3BOJISIE MOJCTIOBATH KOJMBAJIBHUIL PYyX CTEPXKHIB, IO OOEPTAIOTHCS, a TAKOXK
BU3HAYATH [ApaMETpH, TPH SKUX BiJOYBA€ThCS BTpaTa JMHAMIYHOI CTIMKOCTI 3MOJE/IbOBaHOL
CHCTEMH. 3a JJOMOMOrOK 3a3HA4YEHOro MPOrpaMHOro 3abe3redeHHs Mo0y/JoBaHi AiarpaMu, Lo
BiIOOpa)kaloTh 00JIaCTiI CTIKOrO Ta HECTIMKOrO pyXy CTEP)KHS, SIKHM MOJICTIOETHCS POOOUHMIt
opraH BiOpOOYpOBOi YCTaHOBKH, IIPU PI3HUX MapaMeTpax cucreMu. [Ipouec KOIMBalIbHOrO pyxy
PO3IJISIHYTO Y MPOCTOPi 3 ypaxyBaHHAM IHEPLIHHNX HABAHTaXKCHb Ta [COMETPUYHOI HENIHIHHOCTI
crepxHs. [loka3aHo, [IO0 NpW IIEBHUX 3HAYEHHSAX IIBHAKOCTeH oOepraHb 1 wacror nii
BIOpOYZapHOro HaBaHTAKECHHS ICHYIOTh OONAcTi HECTIHKOro pyxy, NpU SKHX eKCIUTyaTarlis
o0JaHaHHI MO)KE HEMHHy4Ye NPUBECTH A0 HOro pyidHyBaHHs. 3AiMCHEHO aHai3 OTPUMAHHX
pe3yibTaTiB Ta 3po0JICHO BHCHOBOK IIPO MOXKJIMBICTH €KCIUTyaTalii oOJajHaHHSA y MEBHHX
niana3oHax 4yacToT.

KurouoBi cioBa: uncensHe AudepeHIilOBaHHs, CKIaaHi (GOpPMH BHUTHHY, I'EOMETPHYHA
HEJHIMHHICTh, iHEpUiMHI HABaHTAXXCHHS, I03/I0BXKHI HABAaHTAXCHHS, yJIapHI HaBaHTa)KCHHS,
BIOpOOypiHHS, AMHAMIYHA CTIHKICTb.

Jlusynoe I111., Heoun B.O.
YCTOMYUBOCTH BPAIIAIOIIUXCS CTEPXKHEM nona JTENCTBUEM
BUBPOYJIAPHOM HATPY3KH

B paborte mnpuBeneHB pe3ysIbTATHI HCCICHOBAHMS BIMSAHUS BHOPOYIAapHBIX HArpy3ok Ha
YCTOHYMBOCTh CTEP)XKHs pabodyero opraHa BHOpPOOypoBOro arperara Ipu OypeHHH CKBaKHH B
TBEpIBIX Topoaax rpyHra. [Ipomecc OypeHHs TakMX CKBaXKMH CYIIECTBEHHO oOJjieryaercsi mpu
BHOpOYIapHOM BO3zeicTBUH. PaspyuieHne mopoasl nNpu BHOPAaLIOHHO-BPAIIATEILHOM OypeHHN
HPOMCXOIUT IPU COBMECTHOM BIIMSHUM BUOPOYIAPHBIX UMITYJIbCOB U BPAIATEIbHOTO JIBHXKEHHUSI.
B cBs3u ¢ 3TUM, akTyanbHOW 3aja4ell SBJISETCS M3YYCHHME YCTOHUMBOCTH CTEp)KHS padodero
opraHa TakOH yCTaHOBKH IpH BpalieHUH. [Ipy 3TOM BO3MOXHBI pa3iinuHbie GopMbl KosebaHUi 1
HOTEpPU YCTOWYMBOCTH. B CBA3M € 3TUM HCCIEIOBaHHE IPOBEICHO C HCIOJIB30BAHHEM
pa3pabOoTaHHOrO AJIS1 ITUX LeNel MPOrPaMMHOr0 00ecedeHus], B KOTOPOM pean30BaHa METOANKA
KOMIIBIOTEPHOI'O  MOJIEIMPOBAHUS  KOJICOATENbHOrO  ABMXKEHMS  BPALIAIOLIMXCS  CTEPIXKHEH
3HAQUUTENIbHOM JUIMHBI, MOJA JEHCTBUEM NPOJOJbHBIX HEPUOJUYECKUX Harpy3ok. Takoe
IpOrpaMMHOE 00ecreyeHHe MO3BOJSICT MOACIHPOBATh KOIeOaTebHOE ABIKEHHE BPAILAOIIHXCs
CTEPXKHEH, a TakKe ONpPEAeNATh IapaMeTpbl, NP KOTOPHIX MPOUCXOAUT MOTEPS IUHAMHUYECKON
YCTOMYMBOCTH CMOJCIMPOBAHHOW cucTeMbl. C  MOMOLIBIO  YKa3aHHOIO IPOrPaMMHOI0O
obecrieyeH st MOCTPOCHBI JHarpaMMbl, OTOOpaKkarole 00JIaCTH YCTOWYHBOIO M HEYCTOWYHUBOIO
JIBVDKEHUS CTEPIKHS, KOTOPBIM MOJENUpYeTcss pabounii opraH BUOPOOYpPHUIIBHOW YCTAHOBKH IpU
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pasMYHBIX MapaMeTpax cHcTeMbl. llporecc KoneOaTeNbHOro JBIDKEHHS PAacCMOTpPEH B
HPOCTPAHCTBE C YYETOM WHEPLUOHHBIX HArpy30K W I'€OMETPUYECKON HEIMHEHHOCTH CTEpPIXKHS.
IlokazaHo, 4TO HpPU ONPEAENECHHBIX CKOPOCTSAX BpALEHMs M 4YacTOT ACHCTBUS BUOpOYHapHOIi
Harpy3kd CyLIECTBYIOT OOJAaCTH HEYCTOWYHMBOI'O JBMIKCHHS, IPH KOTOPBIX SKCIUIyaTALHsI
000pyfOBaHMS MOXET HEH30eKHO NPHUBECTH K ero paspylueHuo. IIpoaHanu3upoBaHbI
IIOJTYYCHHBIC PE3YJIbTaTbl U CHACJIAaH BbIBOA O BO3MOXKHOCTH OJKCILIyaTalluH OGOPyZlOBaHMH B
olpe/IeIeHHbIX HANa30HaxX 4acToT.

KarwueBble cjoBa: ugucieHHOe audepeHlupoBaHue, CioxHbIe (GopMmbl  u3rubda,
reoMeTpUYEecKas HEJIMHEHHOCTb, MHEPLMOHHbIE HArpy3KH, IPOJOJbHBIE HArpy3KH, YAapHbIE
Harpy3ku, BUOpoOypeHue, THHAMHYecKast yCTOHINBOCTb.
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